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Abstract
Carefully engineered, controlled, and diagnosed plasma sources are a key in-
gredient in mastering plasma-based particle accelerator technology. This work
reviews basic physics concepts, common types of plasma sources, and avail-
able diagnostic techniques to provide a starting point for advanced research
into this field.
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1 Introduction
The properties of the plasma crucially control the attributes of the accelerated particle beam in beam-
driven (PWFA) and laser-driven (LWFA) plasma wakefield accelerators. Tailoring the characteristics of
plasma is a powerful tool to control beam injection, the transverse focusing forces, and the acceleration
gradient acting on a witness beam. In addition, plasma features can govern the evolution of the driving
laser or driving particle beam exciting the wakefield. Furthermore, engineered plasmas allow for ma-
nipulation of beam phase space in active plasma lenses and dechirpers. Therefore, accurate control over
the plasma density and temperature profile is a prerequisite to realise design beam specifications.
2 Plasma generation mechanisms
Plasma generation is fundamentally concerned with the ionisation of a background medium, usually
a gas, to produce electrons and ions in a controlled way.
2.1 Electrical discharges
The most important collisional ionisation mechanism is electron-impact ionisation, whereby during a col-
lision an electron of sufficient energy overcomes the ionisation potential of an electron bound to an atomic
core to create an electron-ion pair.
In an electrical discharge, free electrons gain energy from an externally applied electric field. There
are many basic types of phenomena that comprise electrical discharges, including electron avalanches,
streamers, leaders, glows and arcs. The region where some common discharge types exist in voltage-
current space is shown in Fig. 1. For brevity we will focus here on the Townsend avalanche mechanism.
For more discussion on other electrical discharge mechanisms, see Refs. [2, 3]. A voltage applied be-
tween two electrodes causes the charge carriers to gain energy. There is always some low level of back-
ground ionisation due to background radiation, e.g. from cosmic rays, which may trigger the avalanche
process. Above a critical field, the existing free electrons gain enough energy to ionise the background
neutrals. These secondary ionised electrons (and the now-slowed primary electrons) both gain energy
until they can also ionise, and so on, causing an exponential growth in the free electron density, ne. This
exponential electron density increase is known as a Townsend avalanche, and can be characterised by
the following rate equation (in one dimension, x):
dne
dx
= αne, (1)
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Fig. 1: The currentâA˘S¸voltage characteristic of a typical electrical discharge between two electrodes. Image from
Ref. [1] (CC BY 4.0).
which has the solution ne(x) = ne(0) exp (αx). The coefficient α is called the primary ionisation
coefficient, or the first Townsend coefficient.
The breakdown voltage (or critical electric field) of a gas between two flat electrodes fundamen-
tally depends on the electron mean free path (the average distance between electron-atom collisions) and
the distance between the electrodes. The electron mean free path λMFP is directly related to the inverse
of the gas pressure p, i.e.,
λMFP =
1
σn
=
kbT
σp
, (2)
where σ is the effective cross-sectional area for collisions, kb is Boltzmann’s constant, and the ideal gas
relation has been used to connect the gas density to pressure. At very low pressures, when the electron
mean free path is longer than the distance between the electrodes, the electrons are unlikely to undergo
any collisions before they reach the anode, and hence a very large voltage is required to start the dis-
charge. Conversely, at very high pressures the electron mean free path is very small and electrons do
not get enough time to accelerate to ionising energies before collisions with atoms reduce their energy
once again. Between these two extremes there exists a minimum breakdown voltage that depends on
gas type and electrode material, i.e., a balance between the free acceleration time and likelihood of colli-
sions. The relation between the product of the pressure and distance between electrodes, and the voltage
yields the well known Paschen curve (see Fig. 2). Avalanches and streamer breakdowns operate in
the region to the right of the minimum. The region to the left of the Paschen minimum represents vac-
uum breakdowns, where the voltage required to initiate breakdown increases rapidly by several orders
of magnitude. The electrode surface plays a critical role in vacuum breakdowns, as the charge carriers
required to create a conductive plasma channel between the electrodes now originate from the electrodes
themselves.
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Fig. 2: Paschen curves for helium, neon, argon, molecular hydrogen and molecular nitrogen.
2.2 Laser Ionisation
A convenient method of ionising material is to use a laser. Single photon ionisation is possible when
the photon energy ~ω (~ is Planck’s constant, ω is the angular frequency) is greater than the binding po-
tential of the atom Eion. However, for Hydrogen Eion = 13.6 eV, which is significantly higher than single
photon energies of commonly used optical/near-infrared lasers (800 nm photons have ~ω = 1.55 eV). If
the laser intensity is high enough then there can be a large enough number of photons in the atomic
volume to give a high probability of multiple (m) photons simultaneously ionising the atom, with
m~ω > Eion. This process is called multi-photon ionisation. More information on this, and on all
of the mechanisms discussed here, can be found in Ref. [4].
An alternative route to ionisation is barrier suppression ionisation, where the laser provides an elec-
tric field greater than that felt by the valence electron from the (shielded) nucleus. If, in 1D, we apply
an electric field E to an atom, the potential as a function of distance from the nucleus x is given by
V (x) = − Ze
2
4pi0x
− eEx, (3)
where Ze is the charge of the atom, minus the electron under consideration. Here e is the elementary
charge, and 0 is the vacuum permittivity. It can be shown that the position of the potential maximum
is xmax =
√
Ze/4pi0E. By setting V (xmax) = Eion a threshold electric field, Et, above which barrier
suppression ionisation occurs is
Et =
pi0Eion2
Ze3
. (4)
Written as a threshold intensity, It, this is
It =
pi20
3c
2e6
Eion4
Z2
≈ 4× 109
(Eion
eV
)4 1
Z2
W cm−2. (5)
Specifically, Eion is the ionisation potential of an atom with charge (Z − 1)e. As examples, this equa-
tion predicts that Hydrogen will be ionised at 1.4× 1014 W cm−2 and Helium will be fully ionised at
8.8× 1015 W cm−2. A consequence of this is that pre-ionised plasmas are not necessarily required for
LWFA studies, where the leading edge of the 1018 − 1019 W cm−2 pulse is sufficient to create a plasma.
At electric fields approachingEt the atomic potential is already sufficiently distorted such that an electron
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has a chance of tunnelling out of the potential. The probability of this must be found from the solution
to the Schrödinger equation. Simplified models of this exist. A popular one, often employed in particle-
in-cell codes, is the ADK (Ammosov, Delone and Krainov) model [5]. Some examples of models that
are valid to higher field strengths, although they assume static fields, include Refs. [6, 7]. The Keldysh
parameter γK = ω
√
2Eion/I , where I is the laser intensity, distinguishes between the multiphoton
(γK > 1) and tunnelling (γK < 1) regimes.
2.3 Beam Ionisation
High peak current, tightly focused electron beams can have Coulomb fields that exceed the threshold
electric field for barrier suppression ionisation from Eq. (4). We start by considering the simplest case of
a uniform cylinder of electrons of number density nb and radius rb. Applying Gauss’s law to this system
allows us to determine the electric field inside and outside the cylinder as a function of radial distance r
to be
Ein = −enbr
20
, (6)
Eout = −enbrb
2
20
1
r
. (7)
Note that the maximum electric field is not on-axis but at r = rb. For example, such a beam with density
nb = 1× 1018 cm−3 and rb = 5 µm has a maximum electric field of 45 GV m−1 compared to Et =
32 GV m−1 for Hydrogen. For a gaussian beam the electric field varies as Er ∝
[
1− exp(−R2/2)] /R,
where R = r/σr. This has a maximum at r ≈ 1.6σr. However, beam driven wakefield experiments
tend to utilise a pre-ionised plasma to combat head erosion, where the head of the beam is free to di-
verge because it is propagating through neutral gas and thus not situated inside the focusing phase of
the wakefield.
3 Tailoring plasma properties to control wakefield and plasma processes
Plasma sources exist in a number of variants. Common technologies are gas jets, gas cells, Alkali vapour
ovens, or discharge waveguides, all of which are discussed in the following. In general, these sources are
designed to provide plasma created by ionising a neutral gas species. The geometry of the gas delivery
and the method by which the gas is turned into plasma crucially affect the conditions of the resulting
medium for acceleration.
The geometry of the source effectively determines the gas density distribution in space and time.
The means of gas ionisation, either by a laser, an electrical discharge, or the field of a high-current den-
sity particle beam, control the plasma density and temperature distribution. The temperature evolution
can additionally be affected by the material composition of the source and its thermal properties. This
interaction can, for example, lead to the creation of a laser guiding channel. Such plasma sources with
guiding capabilities typically consist of a cylindrical channel cut from a hardened substance, usually
sapphire, into which a gas is fed and ignited by a discharge. The choice of material in this case is critical
for controlling the heat flow, but also for the durability of the construction. Many other aspects must be
considered when designing such and similar plasma sources. These are for example:
– The length of the source defines the maximum plasma column length and hence influences the total
energy gain in the wakefield and the total efficiency of the process.
– The diameter of the plasma column can facilitate the guiding of a laser in plasma, which may be
affected by the radial expansion rate of the plasma column and its temperature gradients.
– The gas system may be utilised to feed a variable flow of neutral gas into the source vessel as
the gas density controls the plasma density.
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– The gas species should be carefully chosen as gases with different ionisation potentials and elec-
tronic levels determine the created plasma density and influence wakefield, laser, and particle beam
dynamics.
– The detailed geometry of the gas inlets and outlets is of importance to tailor the initial gas profile
before ionisation. A density gradient on the exit of a plasma source may be important to control
the beam release.
– The material from which the vessel is constructed defines the durability under heat load from
plasma and/or the laser interaction. Ultimately, this may limit the repetition rate and lifetime of
the source.
3.1 Plasma density considerations
When considering the design of a wakefield acceleration stage the chief constraint is usually the laser
peak power, or in the case of beam driven wakefields, the peak current. Once the driver conditions have
been specified, sensible estimates of the optimum plasma density ne can be made.
For laser wakefield accelerators (LWFAs) in the absence of a laser guiding structure (Section 4.4)
a minimum ne is set by the self-guiding criterion (Section 3.3). In the laser and beam driven cases
driving a high amplitude wakefield requires that the length of the driver is shorter than the wakefield
period i.e. the laser pulse length cτ0 ≤ λp/2 (for linear LWFAs this drives the wakefield resonantly) or
the beam length σz =
√
2/kp (for beams with σr  σz), where kp and λp are the plasma wavenumber
and wavelength [8, 9]. Both of these conditions can provide an ‘optimum’ density. Laser/ particle beam
focusing is then determined by this density. In LWFAs the laser will maintain a constant width and
intensity, and thus drive a constant amplitude wakefield, if the matched spot size condition kpw0 = 2
√
a0
is met [10]. Most experiments are performed with a normalised vector potential a0 ≈ 1 − 4 to access
the high accelerating fields of the blowout regime. For beam driven wakefields the beam will maintain
a constant width, and thus drive a constant amplitude wakefield, if its divergence is cancelled out by
the focusing force of the wakefield. This occurs when σr =
√
/kβ , where  is the emittance of the beam
(see Section 3.5) and kβ = kp/
√
2γ is the betatron wavenumber [11].
Above we have described the common process by which a sensible value of ne can be obtained.
However, these criteria only set the scale for the plasma density. ne also features in the trapping con-
dition, so is a crucial parameter for any injection mechanism. It may be increased or decreased to
promote/suppress self-injection. In a plasma accelerator the complete properties of the driver may not
be known (e.g. unknown laser wavefront or spatio-temporal couplings or missing high precision mea-
surements of the 6D phase space of the drive beam). Additionally the relationship between gas backing
pressure and peak density and the density distribution, which may be longitudinally nonuniform, may not
be precisely known, especially for complex plasma sources. Thus, it is imperative to be able to change
the plasma density precisely in a density range determined from the optimum parameters. This can be
done by changing the backing pressure of the gas, or where an ionisation laser or discharge is used to
create the plasma, by changing the timing between the the ionising pulse and the wakefield drive pulse,
as the plasma density reduces over time due to recombination and plasma expansion.
3.2 Plasma length limitations
For LWFAs the ideal total length of the plasma is usually given by the pump depletion length Lpd =
ω02
ωp2
ωp
kp
τ , or the dephasing length Ld = 43
ω02
ωp2
√
a0kp
−1 [10]. The latter is often chosen as we wish to
extract the electrons from the plasma when their energy is maximal. However, the precise length we
require can be longer than Ld to allow for laser evolution before beam injection occurs. For externally
controlled injection methods such as external beam injection or two-colour ionisation injection [12], for
example, the positioning of the injected beam may not allow for acceleration along a full dephasing
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length, so the optimal length will be shorter. Thus it is also desirable to have an adjustable length plasma
source. Such a source can be used to study electron acceleration as a function of plasma length, which
can be used to infer the accelerating fields of the wakefield [13]. It is generally not the case that, for
a fixed length source, the optimal density for stable guiding of the drive beam is the optimal density for
maximum electron energy gain. An adjustable length source allows these two effects to be decoupled.
An example of an adjustable length gas cell can be found in Section 4.2. Other works have decoupled
the injection and acceleration processes using a high density, short injector stage followed by a longer,
lower density acceleration stage [14, 15].
PWFAs do not suffer from a similar dephasing effect (except via beam head erosion). The max-
imum length of the accelerator is limited by the distance over which the drive beam is decelerated by
the fields of the wakefield it is driving. There is, therefore, a density dependence in the ideal plasma
length. This length also depends on the characteristics of the wakefield, which are determined by the ra-
dial and longitudinal bunch dimensions as well its charge [16], and so the optimum length is often found
by simulation, e.g. Ref. [17]. Therefore, future PWFAs could benefit from adjustable length plasma
sources.
3.3 Laser guiding
In order to reach the intensities required to drive a nonlinear wakefield with a laser, tight focusing is used.
For example, a 1 J, 30 fs FWHM, λ = 800 nm laser pulse must be focused to a spot size w0 = 15.3 µm
to reach a0 = 2, where w0 is the 1/e2 intensity width. The Rayleigh range zR = piw02/λ, the distance
over which the intensity halves due to diffraction of a Gaussian focused beam, is 0.92 mm for this focus.
This compares unfavourably with the dephasing length for the matched density, which is Ld ≈ 18 mm.
Indeed it is often the case that Ld > zR. Therefore, strategies are required to guide the laser pulse at
a constant radial width over the full accelerator length so that a constant, large amplitude wakefield can
be driven.
For a a02/4 1 and ωp2  ω02, the nonlinear refractive index of the plasma can be written as
η ≈ 1− 1
2
ωp0
2
ω02
(
1 +
δne
ne0
− 2δω
ω0
− a0
2
4
)
, (8)
where ω0 is the central laser frequency and ne0 is the background plasma density with associated plasma
frequency ωp0 [18]. The a02/4 term is due to the relativistic mass increase of the plasma electrons in
the laser field. Since a Gaussian laser pulse has an intensity maximum on axis, the plasma frequency is
lowest there, corresponding to a maximum of the refractive index. A radially decreasing refractive index,
with a maximum on axis, is analogous to a lens. Thus the plasma can be used to focus the beam. By
balancing diffraction and the focusing effect of this plasma lens [19], it can be shown that a laser will be
self-guided for powers greater than the critical power
Pc ≈ 17ω0
2
ωp2
GW. (9)
Self-guiding has been shown to occur over as many as 100 Rayleigh lengths [20], and there are multiple
GeV level LWFA experiments that have been operated in a self-guided regime [15, 21–23].
Self-guiding is the simplest method, but it has been shown that electron energy gain is lower in
this regime than when a similar power pulse is guided by an externally imposed radial plasma density
profile [24, 25]. A Gaussian laser pulse can be guided in a parabolic density profile of the form ne(r) =
ne(r = 0) + ∆ner
2/rch
2. Such a laser pulse will be guided in this plasma profile by a similar plasma
lens effect, at a spot size of wm =
(
rch
2/pire∆ne
)1/4, where re is the classical electron radius [26]. This
neglects ponderomotive and relativistic effects. A parabolic density profile can be produced in a capillary
discharge as described in Section 4.4.2 and in Refs. [27,28], by laser heating of a column of a collisional
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plasma [29] as described in Section 4.4.1 or by optical field ionisation of a lower density plasma [30,31].
The amplitude of the refractive index change ∆ne can be increased by further laser heating so that smaller
laser spots can be guided in a given plasma density ne produced by the discharge [25].
3.4 Injection from plasma structures
In order for an electron to be (internally) injected into a wakefield it must fulfil a trapping condition. In
the frame moving at the wakefield phase velocity, a particle will be trapped in the wakefield if its kinetic
energy (γ′e − 1)mec2 is less than the potential of the wakefield eφ′. Lorentz transforming to the lab
frame, this condition becomes
eφ >
[
γe (1− βeβph)− 1
γph
]
mec
2, (10)
where βphc is the wakefield phase velocity and γph = ω/ωp = (1− βph)1/2. A more thorough dis-
cussion of trapping can be found in [32]. For a cold background plasma (βe = 0) with large γph this
condition becomes eφ & (1− 1/γph)mec2. This can be re-written as E & E0 = mecωp/e, i.e. the cold
non-relativistic wavebreaking limit, a coincidence which is often used to explain self-injection.
One method to promote injection more easily, and in a controlled manner, is to use a density downramp
in the plasma density profile [33, 34]. This causes γph at the back of the wakefield bubble to reduce
rapidly as the plasma wavelength increases with decreasing density, significantly lowering the trapping
threshold throughout the density gradient. It can be shown [35] that βph can be written as
βph = βd
(
1 +
χ
2n˜3/2
1
kp0
dn˜
dz
)−1
, (11)
where βdc is the driver velocity, n˜ = n/n0 is the density relative to the background density, kp0 is
the plasma wavenumber associated with n0 and χ = kp(z−βdct) is the phase of an electron in a plasma
wave, which is increasingly negative behind the driver. Here we explicitly see that in a negative gradient
dn˜/dz < 0, electrons near the back of the plasma wave (large negative χ) experience a much lower βph
and can be easily trapped. A density downramp can be produced in a two compartment gas cell, such as
the example in [36], by additional localised laser ionisation [37] or by having two gas jets close together.
Injection can also occur in the downramp at the end of the gas sources, which is how it was originally
discovered [34], but can be an unwanted source of dark current.
A more extreme version of this is shock injection, where a razor blade is introduced into a su-
personic gas flow target (see ‘Gas Jets’, Section 4.1) to produce a shock, resulting in a discontinuity in
the plasma density. This causes the plasma wavelength to greatly increase over a short distance, trapping
a significant number of electrons from the sheath in a localised region of the wakefield [38]. As such,
this method has been proven to produce high charge, low energy spread beams in a controllable manner,
e.g. Ref. [39].
3.5 Density ramps
Once electrons have been injected into a wakefield they are rapidly accelerated to a velocity close to c,
while in a constant-density LWFA βph = vg/c < 1, and the electrons dephase. It is, however, possible
to take inspiration from Eq. (11) and construct a density upramp such that, at the back of the wakefield,
βph ≈ c. In this way the electron beam can be fixed in a constant accelerating phase and not suffer
from dephasing, while also suppressing additional unwanted injections. Other limitations such as pulse
depletion still occur, but enhanced energy gains are achievable in this and other schemes [40, 41].
Now we have exploited density gradients for high quality injection and enhanced acceleration, we
can turn to them once again to ensure a high quality beam is extracted from the wakefield accelerator.
7
Fig. 3: A tailored plasma stage with input and output matching, trapping, and dephasing-beating acceleration
stages.
By high quality we mean low normalised emittance n = 〈γβ〉
√
〈x2〉 〈x′2〉 − 〈xx′〉2 = 〈γβ〉 , where
x and x′ = px/pz are the coordinates of the beam electrons in the transverse phase space. It can be
shown that a beam with finite energy spread σE and divergence σx′ experiences transverse emittance
growth in free space drift, distance s, according to the equation n2 ≈ 〈γβ〉2
(
σE
2σx′
4s2 + 2
)
[42]. For
large energy spread beams (per-cent level), this equation is extremely prohibitive for the transportation
of large divergence beams (milliradian divergence). This emittance growth can be mitigated by a density
downramp at the end of the plasma stage, where the focusing forces of the wakefield are adiabatically re-
duced, allowing the beam size to increase under gradually reducing focusing forces, decreasing the beam
divergence at the plasma-to-vacuum interface and thus the emittance growth rate [43].
In a blown-out plasma wakefield the electron beam is matched to the wakefield if the beta function
of the beam β ≈ c/ωβ . An externally injected witness beam must be matched to preserve normalised
emittance throughout its acceleration. The small plasma length scale c/ωβ means that small (millimetre)
β functions are required, which can be difficult to achieve. In this case a matching section consisting of
a density upramp at the start of the plasma can be used to reduce emittance growth in the case of initially
unmatched witness beams.
Combining everything we have learned so far, an ideal plasma source would be based on Fig. 3.
Even more advanced schemes can be considered for the optimisation of the electron beam quality by
tailoring the longitudinal plasma density. For example, tapered density transitions can be used to help
mitigate the hosing instability in beam driven wakefield accelerators [44]. In a plasma accelerator the ac-
celerating field varies along the bunch length which produces a large energy chirp. In the absence of
beam loading a modulated plasma density can be used to significantly reduce chirp [45].
3.6 Plasma dopants for injection
An alternative to self-injection or controlling injection with the plasma density is to control injection via
the plasma composition. In ionisation injection the background plasma (typically Hydrogen or Helium)
is doped at the per-cent level with a higher atomic number gas. The gas is chosen such that its k-
shell electrons are ionised via barrier suppression ionisation (Section 2.2) only at the peak of the laser
pulse, and electrons are ‘born’ inside the wakefield cavity [46]. A common dopant is Nitrogen. This is
considered to be a robust injection technique, which may produce higher charge and higher quality beams
than self-injection [47, 48]. However, the ionisation, and thus the injection, is a continuous process and
may produce large energy spread beams. Lower bandwidth beams can be produced via self-truncated
ionisation injection [49], where the injection happens only over a short distance due to over-focusing
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of the laser pulse changing the wakefield potential. Low bandwidth, short pulse, low emittance beams
(i.e. beams with high 6D brightness) can be produced via localised ionisation injection occurring in
a small 3D volume initiated by a tightly focused, additional laser pulse in a LWFA [12], or in a PWFA in
the so-called Trojan Horse scheme [50].
3.7 Plasma temperature effects
The average kinetic energy of an electron subject to the ponderomotive force is≈ 100 keV for a0 = 1 and
a laser wavelength of 1 µm. This is many orders of magnitude larger than typical plasma temperatures
of < 10 eV, and hence temperature effects are most often neglected when describing the formation,
evolution and breaking of wakefields. However, the plasma component temperatures (and densities) are
of high importance for non-wakefield applications, e.g. laser waveguides and active plasma lenses.
On large enough time and space scales the plasma components (electrons, ions and neutral species)
behave like (electromagnetic) fluids, and can be described by transport equations and transport properties
akin to more common fluid flows. For example, the ideal magnetohydrodynamics [51] model describes
plasmas by continuity and momentum equations,
∂ρ
∂t
+∇ · (ρv) = 0, (12)
ρ
(
∂v
∂t
+ v · ∇
)
v = J ×B −∇p (13)
which are coupled to Maxwell’s equations of electromagnetism and an equation of state. Here ρ, v and
p are the plasma bulk mass density, velocity and pressure, respectively. J is the current density and B is
the magnetic field, which may be applied externally or induced internally. In a plasma, transport prop-
erties such the electrical resistivity, thermal conductivity and collision rates generally depend directly on
the temperature and density of all components.
In a discharge-formed plasma, the discharge current causes resistive heating. Thermal conduction
and fluid convection allows for the re-distribution of thermal energy throughout the plasma, and ther-
mal transfer with the plasma boundary represents energy loss. Competition between resistive heating
and boundary heat loss dominate the plasma evolution. For a cylindrical plasma capillary a tempera-
ture gradient forms between the ‘hot’ capillary axis and the ‘cool’ wall. This gradient is exacerbated
by the temperature dependence of the electrical resistivity, η ∝ T−3/2, which results in a decreased re-
sistance in the hotter on-axis region, leading to preferential current flow and even greater temperatures.
The temperature gradient creates a pressure gradient, which forces plasma material towards the wall and
leads to a density minimum on axis. In equilibrium, where the heating due to the current is perfectly
balanced by the heat loss to the wall, it can be shown that the electron density will form a near-parabolic
profile radially which can be exploited for laser waveguiding (further discussed in Section 4.4.2). In con-
trast, the temperature and density variation can be detrimental to the operation of active plasma lenses
(further discussed in Section 4.5).
3.8 Ion mass effects
For the majority of plasma applications under consideration it is the electron density that is the most
important property, and the background medium from which the plasma/ions are created is often consid-
ered to be of negligible importance. However, the plasma neutral and ionic species (collectively called
the heavy species) can have critical influences.
The most obvious effect of the ion mass is the resistance to momentum changes. The light elec-
trons respond to perturbations, such as those caused by a drive beam in PWFA or a high powered laser in
LWFA, on very small timescales (fs−ps). The neutral/ion masses are > 103 times larger than the elec-
tron mass, such that the response time is also much larger. The plasma frequencies for electrons, ωe, and
9
ions, ωi, is given by
ωe =
√
nee2
me0
, (14)
ωi =
√
niZ2e2
mi0
, (15)
where ne and ni are the electron and ion densities, me and mi are the electron and ion masses, and Z
is the mean ion charge. Thus from the perspective of the electrons responding to perturbations, the ions
appear static. For this reason, modelling phenomena on the electron response scale (i.e. PWFA) can
often ignore ion motion which vastly simplifies calculations and computational time/effort. However, at
ps−ns time scales the ion motion becomes important, e.g. with onset of phase-mixing [52], expansion
of the plasma column [53], and significant ion-impact collisional ionisation. Now simulations cannot
ignore the ion motion leading to more complex calculations. The dampening of these oscillations (and
return to an unperturbed state) is also directly related to the ion mass, with implications to high repetition
rate operation.
4 Technical implementation of plasma sources
4.1 Gas jets
The lowest order approximation to an ideal density profile is a flat-top, which allows a constant amplitude
wakefield to be driven throughout the plasma length (ignoring driver evolution). A near-flat-top profile
can be produced in a supersonic gas jet. As depicted in Fig. 4 (a), high pressure (multiple bar to 100
bar) is held in a backing volume and is released in to vacuum via a fast valve, where it is forced through
a constriction and then allowed to expand in a conical nozzle. This nozzle design is an approximation of
the well known de Laval nozzle. Figure 4 (b) is an example of the gas density profile above the nozzle.
To create the desired density profile, the height of the nozzle must be optimised with respect to the throat
and exit diameters, as discussed in [54].
Supersonic gas nozzles have been favoured in many works because of their simplicity, 360 degree
diagnostic access and the ability to create shock fronts for shock injection. The main disadvantage is
the large volumes of gas they eject, even when operated in pulsed mode, which is prohibitive for high
repetition rate operation. This can be partly mitigated by using a slit nozzle or by additional high capacity
pumping. A slit nozzle has inlets and outlets that are asymmetrical; they are much longer in the drive
laser direction than the transverse direction, e.g. Ref. [55]. As such they reduce gas load compared
to cylindrical nozzles. Additional disadvantages of gas jets include the erosion of mechanical parts and
vibrations caused by the release of high pressure gas and the mechanical motion of valve parts. Ripples in
the gas density profile, which can be caused by imperfections on the nozzle surface, can caused unwanted
self-injection and acceleration of dark current [56].
4.2 Gas cells
Another common source type is the gas cell. Effectively, this is a box with a pinhole at each end to allow
the driver to enter and exit the cell. The cell is filled with gas in the few millibar to 1 bar range to give
molecular densities in the range 1017−1019 cm−3. This significantly reduces the gas load to the chamber
compared to gas jets, allowing gas cells to be run in continuous flow mode with additional pumping.
They have the additional advantage that they have no moving parts, contributing to the improved shot-
to-shot stability of electron beams from gas cells compared to gas jets [57]. Gas cells may contain
a uniform gas distribution with density downramps going through the pinholes, with ramp scale lengths
of approximately the pinhole diameter [36]. Like gas jets, laser ionisation is required (this can be the front
of an intense drive laser). The pinholes should be sufficiently large as to reduce damage from higher order
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Fig. 4: An example of a supersonic gas jet. (a) A fast valve releases a pulse of gas from a backing reservoir through
a constriction and in to a conical nozzle. The jet is tailored by choice of inner diameter D0, exit diameter De and
opening angle ψ. M represents the Mach number in each region. (b) Optimising the nozzle parameters produces
a flat top density profile above the nozzle, as illustrated. Image from Ref. [54] (CC BY 4.0).
modes in the focal spot, as their erosion changes both the gas density and profile. Multiple designs of
adjustable length gas cells exist. Diagnostic access is reduced somewhat compared to gas jets, however
cells are often made with windows for transverse laser probing.
4.3 Heat-pipe ovens
To create metre scale plasmas at low density (1014 − 1017 cm−3) with high uniformity, as required for
experiments such as AWAKE, heat-pipe oven concepts are used [58]. Alkali metal is heated until it
vaporises in a pipe. To confine the vapour cooling jackets are placed at each end of the pipe which cause
the vapour to condense, where it is removed by the wick. Buffer volumes of helium, which has a much
higher ionisation energy, further confine the alkali vapour. Ionisation is done by a laser pulse focused
with a long focal length optic or an axicon lens, or by the electric field of a drive beam. The latter effect
is simpler to utilise in Alkali vapour ovens owing to the intrinsically low ionisation threshold of Alkali
metals. In a recent variation the vapour is contained by fast valves instead of a buffer gas [59].
4.4 Plasma sources as waveguides
LWFA applications usually involve ultrashort laser pulses with peak intensities on the 1018−1020 W cm−2
scale. As discussed in Section 3.3 strategies are required to guide the laser pulse at a small spot size, en-
suring high intensities, over many Rayleigh lengths. While this can be done via self-guiding, the highest
energy gains from LWFAs to date have employed radial plasma structures to guide the pulse [24, 25].
The change in refractive index from vacuum/gas/plasma to a boundary wall under small grazing
incidence angles can guide laser pulses over many Rayleigh lengths. Hollow dielectric capillary tubes
[60] have been use to demonstrate monomode guiding of over 100 Rayleigh lengths for 100 fs laser
pulses of 1016 W cm−2 intensities.
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Fig. 5: (a), (b) Electron density profiles from 8 mm long plasma channels, with the argon gas jet at 193 K and
27 bar, and 113 K and 20 bar, respectively. (c) Laser mode at the exit of the waveguide (173 K, 40 bar, 1.3 ns
delay). (d) Electron density profile at the waveguide entrance (150 K, 13 bar jet). Note the ≈100 µm length scale
over which the waveguide develops from the edge of the gas jet. (e) Guided pulse spectrum at optimum delay
(193 K, 27 bar). The spectrum shows negligible additional ionisation by the guided pulse in the waveguide. Image
from Ref. [61] (CC BY 4.0).
Plasma waveguides are another way to overcome the diffraction restriction [18, 19]. A plasma
with a transverse electron density profile with a minimum on the axis of propagation, corresponding to
a radially decreasing refractive index with a maximum on axis, providing a focusing effect analogous
to a lens (see also Section 3.3). Two different methods are discussed here for creating such a plasma
waveguide: laser-heated hydrodynamic expansion, and capillary discharges.
4.4.1 Hydrodynamic expansion waveguides
In hydrodynamically expanded plasma channels [29, 61] a cylindrical column of plasma is formed and
heated by a laser pulse (or a series of laser pulses). The large pressure gradient at the sharp ionised-
column boundary drives a radial shock into the surrounding neutral gas, as shown in Fig. 5. This
rapid expansion of the plasma column leaves behind a depression in the plasma density on-axis behind
the shock. The resulting transverse electron density profile increases radially to the position of the shock
front, and hence a refractive index profile is formed which can focus a beam. To date the initial plasma
column in hydrodynamic channels has been heated by laser-driven electron-ion collisions. However,
since rapid collisional heating requires high plasma densities it has proved difficult to generate channels
with low on-axis densities. Channels depths of the order of 1017 − 1018 cm−3 have been generated in
argon and hydrogen plasmas [61]. Elliptically polarised laser pulses have been demonstrated to control
the mean energy of the ionised electrons and hence the development of the channel [31].
4.4.2 Discharge waveguides
A gas-filled capillary discharge waveguide consists of a gas-filled capillary (with pressures of tens to
hundreds of millibar) subject to a longitudinal current pulse of a few hundred amperes. This setup is
akin to the plasma sources and active plasma lenses. Capillary discharges are an attractive method for
forming a plasma waveguide since they require no auxiliary laser, can be scaled to long lengths, and can
offer long device lifetimes. In addition, for H-filled capillaries the plasma channel may be fully ionised,
which minimises spectral or temporal distortion of the guided laser pulse.
As discussed in detail in Section 3.7, the balance between resistive heating in the bulk of the plasma
and heat exchange/cooling of the plasma at the capillary walls leads to a non-uniform radial temperature
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Fig. 6: Diagram of an active plasma lens. The current discharge induces an azimuthal magnetic field which can be
used to focus an electron beam.
gradient. The associated pressure gradient causes a re-distribution of the plasma density until the pressure
is approximately constant along the capillary radius. Under steady-state conditions it can be shown that
the electrons density is [62]
ne(r)
ne(0)
≈
(
1 + 0.33
r2
R20
+ . . .
)
, (16)
and hence near the capillary axis the electron density is approximately parabolic. HereR0 is the capillary
radius and ne(0) is the on-axis electron density. It should be noted that this relation depends only upon
the assumption that steady-state conditions have been reached, and does not depend on the current used
or temperature conditions reached to achieve the steady-state. The matched spot size is then
wm ≈
(
R20
0.33pirene(0)
)1/4
, (17)
where re is the classical electron radius. Capillary discharge waveguides have been successfully em-
ployed to guide laser pulses with peak intensities greater than 1017 W/cm2 over distances greater than
50 mm [28].
Laser heating can be used in addition to the discharge [63]. Once the discharge-initiated parabolic
density is formed in the capillary, a long (ns) laser pulse is used to additionally heat the electrons on
the capillary axis. The resulting profile then has a second, deeper channel on axis, the properties of
which (width and depth) can be controlled by the heating laser. The deeper channel allows laser guiding
at low plasma densities. This is of highest importance for high-peak power systems in the Petawatt
regime [25].
4.5 Active plasma lenses
In addition to creating the plasma, the discharge itself can be exploited to create specialised charged-
particle focusing optics known as active plasma lenses (APLs). Active plasma lenses are a promising
method for strong focusing of particle beams as they provide tuneable radially-symmetric kT/m focusing
fields [64, 65]. An active plasma lens consists of a thin gas-filled capillary with high voltage electrodes
either side supplying the discharge current (see Fig. 6). When the gas is discharged, a longitudinal
current flows through the capillary. Ampere’s law states that
∇×B = µ0J, (18)
where B is the magnetic (vector) field, J is the current density and µ0 is the permeability of free space.
Assuming cylindrical symmetry and only a longitudinal current, Ampere’s law can be simplified to
1
r
∂
∂r
(rBφ) = µ0Jz(r), (19)
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Fig. 7: MHD simulations of a 1-mm-diameter plasma lens yield the radial distribution of (a) the electron temper-
ature and plasma density, (b) the transverse current density, and (c) the magnetic field profile. A simplified model
was proposed (plotted as solid blue curves), based on J(r) ∝ T 3/2e as described in [62]. Image from Ref. [64] (CC
BY 4.0).
where r, φ and z are the radial, azimuthal and longitudinal coordinates.
The advantages of APLs should now be clear. The focusing can be achieved in both horizontal
and vertical planes simultaneously without the need for much larger systems of quadrupoles/solenoids.
The magnetic focusing strength is directly controllable by changing the applied current. Finally, focusing
gradients of≈ 5 kT/m have been recently demonstrated, which is an order of magnitude greater than that
produced by magnetic quadrupoles [66]. APLs played a critical role in demonstrating the staging of two
LWFA components [67].
Emittance is preserved (with respect to the electromagnetic focusing, i.e., ignoring chromatic ef-
fects or background collisional effects) for a linear radial magnetic field [68]. For a uniform current
density, Jideal = I/(piR2) where I is the total current, Eq. (19) can be integrated to give
Bideal =
µ0
2
rJideal =
µ0I
2piR2
r. (20)
Thus an ideal plasma lens, i.e., one with an emittance-preserving magnetic field, is achieved for uniform
radial current density. From Ohm’s law we have,
Jz(r) = σ(r)Ez (21)
where σ is the electrical conductivity, i.e. the inverse of the electrical resistivity η = 1σ . For an ideal
plasma, the electrical conductivity is given by the Spitzer relation [69]
σ ∝ T
3/2
e
ln Λe (ne, Te)
(22)
which depends strongly on electron temperature Te and weakly on electron density ne via the coulomb
logarithm ln Λe. Clearly, a uniform current density requires a uniform radial plasma density and tem-
perature, but as already discussed, the balance between resistive heating and wall-cooling can give rise
to significant temperature and density gradients within the plasma. The effect of the non-linear plasma
properties on the magnetic field is shown for both simulation (Fig. 7) and real experimental data (Fig. 8).
The larger the deviation of the magnetic field profile from the ideal linear case, the larger the emit-
tance degradation. In practice, one ideally will operate an APL at a time before the significant tem-
perature and density gradients develop, which varies significantly between different ion species. For
example, light gases such as hydrogen and helium respond much faster to changes in conditions than
heavier gases such as argon. A comparison of the magnetic field profile ≈ 80 ns after the initiation of
a current discharge between helium and argon plasma capillaries is shown in Fig. 8. In this example,
the emittance is not conserved to within experimental error for helium, whereas it is for argon.
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Fig. 8: Measurement of the magnetic field per discharge current for a scan of beam-to-lens offsets in helium
and argon. A strong nonlinearity is observed in helium, whereas in argon the measurement is consistent with
the expectation from a uniform current density. Image from Ref. [65] (CC BY 4.0).
Fig. 9: A schematic of the type of capillary discharge used at FLASHForward. The central channel and gas
inlets have a circular cross section and are milled from sapphire. The exits of the main channel are open to allow
continuous gas flow.
5 Plasma diagnostics
Capillary discharge plasma sources [70,71] are widely used for laser-driven and beam-driven plasma ac-
celerator applications. Figure 9 displays a schematic of the type of capillary discharge used at the PWFA
facility FLASHForward [72]. This type of source has a cylindrical channel milled from sapphire with
gas inlets through which a continuous flow of gas is fed. At the capillary extremities are electrodes for
enabling the discharge current, which are cut with a hole of the same bore diameter as the capillary
cross section. The sapphire material allows the transmission of light emitted during the creation and
recombination of the plasma and hence enables diagnostic spectroscopy to be performed. Additionally
the open-ended capillary geometry facilitates the passage of a laser diagnostic along the longitudinal
axis.
5.1 Gas density distribution
The initial neutral gas density and its spatial distribution within a gas-filled plasma source governs the re-
sulting plasma density. It is therefore interesting to measure the neutral gas density in order to better
understand the initial plasma density distribution. This is commonly realised by transverse laser inter-
ferometry (cf. to Section 5.2.2 for details). A more sensitive, but not widely used method is Raman
spectroscopy of molecular gases. This process utilises inelastic scattering of the laser light from vibra-
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Fig. 10: The raw spectrometer image from plasma light in argon doped with hydrogen is shown in the upper part
of the figure. The lower part shows the resulting projected spectrum (black points) with the dominant Hα emission
line in the centre. Each individual background peak is identified and fitted as well as a sum of all the fitted peaks
in light blue.
tional and rotational molecular states and can distinguish between gas species [73].
5.2 Plasma density distribution
Knowledge of the plasma density distribution and its spatial and temporal evolution are of great impor-
tance in plasma accelerators in order to be able to realise controlled wakefield creation and acceleration.
Therefore, sensitive diagnostics capable of resolving spatial and temporal plasma density have been de-
veloped in various capacities. Below we describe two types of techniques relevant to plasma density
diagnosis in discharge capillary sources.
5.2.1 Plasma spectroscopy
The spectrum of light emitted by a plasma can be used to obtain information about the plasma density.
One of the most widely used techniques is the analysis of spectral line broadening due to the Stark effect;
the splitting of atomic decay states due to the local electric field strength, from in this case a plasma. By
utilising methodology developed by for example Gigosos and Cardenoso (GC) [74, 75], the plasma den-
sity may be calculated by measuring the full width at half maximum (FWHM) ∆λ of a given broadened
spectral line emitted by atoms in a plasma. Figure 10 shows an example of the broadening of the Hα
emission line in the Balmer series for the case where argon gas is doped with hydrogen. Care must be
taken to fit all background peaks in such a spectrum as shown in Fig. 10 and hence extract the informa-
tion about the desired peak. Following the technique developed by GC, the plasma density can then be
calculated from the value ∆λ of such a profile, as
ne = A ·∆λB, (23)
where A and B are constants derived from a fit to simulation data benchmarked against experimental
measurements.
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Fig. 11: The interference pattern created using a Michelson interferometer to observe a plasma created by a laser
and gas jet.
Without precise knowledge of the plasma constituent temperatures, an uncertainty of 20 - 25%
exists on the measurement of the plasma density. However, Stark broadening measurements can be
benchmarked against other techniques to reduce the uncertainty. In this type of measurement the spec-
tral, spatial and temporal resolution depend mostly on the properties of the spectrometer and camera
equipment used. For example a fast-gated camera with an intensified CCD chip (iCCD) can increase
the temporal resolution greatly by allowing light to be collected in the nanosecond regime. A balance
between light collection and resolution must be established in such cases.
5.2.2 Laser interferometry
Laser interferometry provides the possibility for fast and accurate line-of-sight integrated plasma density
measurements without, for example, uncertainties due to temperature. The integrated path length or
phase of a laser pulse traversing a plasma depends on the index of refraction of the plasma,
η =
√
1−
(
ωp
ω0
)2
, (24)
where ωp and ω0 are the plasma frequency and the fundamental frequency of the laser pulse respectively.
The interference created by combining different laser arms of a spectrometer where one arm has traversed
a plasma and one has not, allows for the direct calculation of the average plasma density. Figure 11
shows the interference pattern created using a Mach-Zehnder interferometer to observe fringes created
from a laser-ionised plasma. This interference pattern must be referenced against one without a plasma
and then the total phase shift ∆φ may be calculated. For a given laser frequency ω0, Eq. (24) can be
rearranged in terms of the plasma density to yield
ne =
4c0me
q2e
ω0
L
∆φ, (25)
where ω0 is the fundamental wavelength of the laser pulse, L is the length of plasma traversed and ∆φ
is the total integrated phase shift. The fundamental constants c, 0, me and qe have their usual meanings.
Such a measurement technique suffers from the limitation that the total phase shift observed is
a line-of-sight integral and therefore the geometry of the target must be considered. Due to the fact that
most plasma targets have cylindrical symmetry, the technique of Abel inversion can often be used to
resolve the spatial density profile [76].
A recent technique [77] employs a common path two-colour laser interferometer (TCI) to measure
the group and/or phase velocity delay accrued by two harmonic pulses of the same laser in a plasma as
shown in Fig. 12. A typical interference pattern is shown in Fig. 13 along with a waterfall plot showing
17
Fig. 12: Schematic of a longitudinal two-colour laser interferometer constructed at DESY, Hamburg.
(a)
(b)
Fig. 13: (a) A typical interference pattern observed on the camera after the slit and spectrometer. (b) Waterfall plot
of a typical interference pattern projected onto the wavelength axis as a function of time.
the temporal change in the interference pattern created by the phase accumulation difference of two such
harmonics of a single laser pulse during plasma recombination. The temporal plasma density evolution
can be calculated by measuring the accumulated phase shift shown in Fig. 13 (b) by modifying Eq. (25)
to take account for the first and second harmonic of the laser frequency which introduces an additional
factor of 1/3 to the right hand side.
In a plasma source such as that shown in Fig. 9 it has been demonstrated [78] that when using
optical emission spectroscopy and two-colour laser interferometry it is possible to acquire accurate tem-
porally and spatially resolved plasma density information as shown in Fig. 14.
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Fig. 14: Electrical discharge-ignited plasma density measurements recorded using a TCI (orange) and Stark broad-
ened hydrogen emission profiles (blue). The blue band shows the uncertainty due to the unknown plasma temper-
ature in the Stark-broadening process. The TCI measurement is temperature independent.
6 Summary
Tailoring, controlling, and diagnosing the properties of plasma sources is paramount to accurately design,
manipulate, and operate plasma wakefield accelerators. Plasma density and temperature profiles in all di-
mensions dictate or, at least, influence every aspect of the plasma acceleration process. In this article, we
have reviewed the underlying physics concepts and introduced some of the most fundamental schemes to
provide the basis for advanced studies of the highly dynamic field of plasma-based particle acceleration.
Plasma generation is generally achieved by a combination of electrical discharges, laser ionisation and
beam ionisation, and by careful consideration of the resulting plasma density, shape, temperature etc.,
estimates of the optimum conditions for plasma wakefield acceleration (and associated applications, such
as active plasma lenses) can be made. An appropriate plasma acceleration source will include input and
output matching, trapping, and acceleration stages, all which require individual tailoring. The technical
implementation of plasma sources via gas jets, gas cells, heat pipe ovens, and the development of plasma
waveguides have all been considered. Finally, diagnostic techniques including plasma spectroscopy and
laser interferometry have been discussed and compared for measuring the electron density on plasma
experiments, which provides crucial feedback for the tailoring and optimisation of plasma acceleration
sources.
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